Biodiesels are promoted as alternative fuels due to their potential to reduce dependency on fossil fuels. The main problem in diesel combustion chamber design is to understand the importance of interaction phenomenon between fuel spray and surrounding gas prior to ignition. Rapid compression machine (RCM) is widely used to acquire experimental insights into fuel autoignition at conditions relevant to the current and future combustion technologies. An experimental study of the measurement of ignition delay characteristics of diesel and blended biodiesel fuels in the RCM was carried out. The objective of this study is to investigate the effects of various ambient temperature, Ti and injection pressure, Pinj on ignition delay with different fuels used. This present study used the ignition delay of 5vol%, 10vol%, and 15vol% blending of palm oil methyl ester with a standard diesel as fuels in diesel engines called as B5, B10, and B15. The diesel fuel was blended with the biodiesel fuels at different fuel mixture blends. The injection pressure chosen was from 80 MPa to 140 MPa while an ambient temperature of RCM varied from 750 K to 950 K. The results showed that for all tested fuels, the reduction in ignition delay increased with the increase in ambient temperature and injection pressure. The palm oil biodiesel had higher density, viscosity, and cetane number, facilitated the shortest ignition delay when compared to the diesel fuel under all ambient temperatures and injection pressures. The fuel oxygen content in the biodiesel fuel also played a greater role in decreasing the ignition delay.
INTRODUCTION
The rapid compression machine was applied in order to keep a wide observation region [1] . A number of experiments were conducted to study the mixture formation and combustion process performed in Rapid Compression Machine (RCM) [2] [3] [4] [5] [6] . RCM is an instrument designed to stimulate a single compression event of an engine cycle of internal combustion engine. The influence of the injection process inside the combustion chamber has to be considered in the analysis of combustion process. Most of the previous studies were conducted at high pressures and temperatures of air in the combustion chamber. The understanding of the interaction phenomenon between fuel spray and surrounding gas prior to ignition can be considered as a major problem while designing the diesel combustion chamber. During this period, combustible mixture caused spontaneous ignition since the air temperatures were above the fuel ignition point and occurred within delay period after fuel injected. Therefore, advanced combustion process, especially fuelair premixing needed to be designed and manufactured to comply with such legislated emissions. Basic studies in the RCM have been used to study the self-ignition characteristics of the fuel mixture under measured conditions [7] [8] [9] [10] . The present study was conducted at the high ambient temperature inside the combustion chamber and injection pressure to analyse the ignition delay in the real diesel engine combustion like environment. The challenges in studying this regime include complex experimental observations to combine the physical-chemical processes that lead to a phenomenon like mixed auto-ignited combustion. Self-ignition was studied experimentally and the effects of ambient temperatures and injection pressures on the ignition delays of ordinary diesel fuels and its blends were considered. Combustion takes place in hot air in the real diesel engine. Hence, in the present study, the effects of high ambient temperatures and injection pressures of fuels developed in diesel engine combustion chamber on the ignition delay of fuels were also analysed. Studies with fuel injection into combustion chamber have shown that the ambient temperature and injection pressure of fuels are the most important parameters for a given fuel composition [11] . The combustion in diesel engines is mixed and the swirl is combined with high injection pressure to the inlet air to assist in the faster air-fuel mixing and better combustion. The high-pressure fuel injection induces a higher level of dispersion of the fuel with better atomisation and fuel-air mixing. The aim of the fuel injection process in a diesel engine is the preparation of a fuel-air mixing to achieve a clean and efficient combustion process [12] .
In a diesel engine, ignition delay is a major factor in determining the rapid pressure rise in the initial burning stage and subsequent combustion stages. The ignition delay, which is defined as the time between the start of fuel injection and combustion also influences the combustion process strongly. The ignition delay in a diesel engine consists of the physical and chemical ignition delays [13, 14] . Physical ignition delay corresponds to the mixture formation while chemical delay refers to the time necessary to get an exponential increase in the chemical reaction rate. Experimental strategies which leverage the strengths of RCM have been developed in recent years to make it particularly well suited for clarifying the physical-chemical processes. The physical processes involved are such as atomisation, penetration, entrainment, and vaporisation while the chemical processes are such as fuel decomposition and accumulation and oxidation [15] . In this study, an RCM equipped with a fuel injector was used to compare the combustion processes of the standard diesel and blended biodiesel fuels. The continuous rise in the cost of fossil fuels as well as environmental pollution has attracted investigations in the area of clean alternative fuels for improving the performance and emissions of internal combustion (IC) engines [16] [17] [18] [19] [20] [21] [22] [23] . Biodiesel has been considered to be an alternative fuel to diesel in order to reduce the use of petroleum used. Biodiesel is a renewable energy source produced from vegetable oils and animal fats which can be used as a substitute for diesel fuels without making any changes to engine components [24] [25] [26] [27] . The greatest weaknesses of using pure vegetable oils as fuels are their high viscosity and density. Transesterification process and other methods such as dilution, micro-emulsification, and pyrolysis have been identified as ways of reducing these two properties [28, 29] . Biodiesel has been recognised as one of the alternative fuels due to its biodegradability, high cetane number, no sulphur emissions, and low volatility. Biodiesel also offers many advantages including a decrease of HC, CO, and NOx gas emissions and many harmful pollutants. The biggest advantage that biodiesel has over diesel fuel is its environmental friendliness. Biodiesel burns similarly to petroleum diesel as it concerns regulated pollutants [30, 31] . The test conditions generated in the RCM for this study were consistent with diesel engine conditions besides the ignition delay data describe the ignition behaviour of these fuels under realistic engine conditions. It allows the study of self-ignition of fuel and air mixing under easily controlled conditions and in a cleaner environment than the real engines. RCM is used to simulate a single compression stroke of an internal combustion engine without some of the complicated swirl bowl geometry, cycle-to-cycle variation, residual gas, and other complications associated with engine operating conditions. RCM is primarily used to measure ignition delay times as a function of temperature, pressure, and airfuel mixing ratio. In addition, RCM can be equipped with diagnostics such as pressure transducer to determine the temperature and pressure. RCM is also capable to determine the flow fields inside the reaction chamber and measure the concentrations of reactant, intermediate, and product species produced during combustion [32] . The objectives of this study are to investigate a systematic approach to testing fuel spray autoignition on RCM and using the approach to study the ignition characteristics of standard diesel and palm oil-derived biodiesel fuel sprays.
METHODS AND MATERIALS

Experimental Setup
The investigations on the combustion characteristics were conducted on a Rapid Compression Machine (RCM) by direct injection diesel spray with a variant injection pressure and ambient temperature. RCM has been designed for the purpose of chemical kinetics studies at elevated pressures and temperatures. RCM performs a single compression act of the engine. RCM in the present study was designed as a versatile tool which included the features of a well-defined core region, fast compression, ability to vary stroke and clearance, optical accessibility, and capability for special measurement. In this research, the influences of injection pressure and ambient temperature of constant volume chamber on ignition delay were determined. The experimental apparatus was divided into four systems such as rapid compression machine, common rail system, data acquisition systems and exhaust emission measurement systems. RCM was divided into three components which were the driver, cylinder liner, and combustion chamber. These experiments were conducted to develop an engine with better combustion by simulating the fuel injection in the RCM. Figure 1 shows a general schematic diagram of the device. A free-piston type rapid compression machine was used to simulate diesel combustion in a constant volume over a wide range of ambient temperature and pressure conditions similar to actual diesel engines. In addition, systems equipped with the pressure transducer for the measurement of ambient air pressures were developed inside the combustion chamber. Table 1 summarises operating parameters and fuel injection system including the specification of the nozzle used in the experiment.
In this study, commercially available standard diesel fuel was chosen as the baseline fuel. The diesel fuel was tested for the variation of ignition delay with the change in ambient temperature inside the combustion chamber and injection pressure for the injector. The biodiesel used in the experimental tests described in this paper was a methyl ester of palm oil. The diesel fuel was blended with the biodiesel fuels at different fuel mixture blends. Fuel blends containing 5vol%, 10vol%, and 15vol% of palm oil biodiesel in diesel oil tested were called B5, B10, and B15, respectively. The physical and chemical properties of the fuels are reported in Table 2 . These blends were tested for variation of ignition delay with changes in ambient temperature and injection pressure inside the combustion chamber. The density of mixture blend would be different from baseline fuel due to the different blending percentage of diesel fuel. Therefore, the volume of the fuel mixture blend injected per stroke would also be similar to the diesel fuel by adjusting the duration of injection time. The piston was driven by nitrogen gas at the constant pressure of 19 MPa,which was the pressure used for all of the experiments. The temperature of the linear cylinder and combustion chamber were also heated to requirement conditions. All equipment such as a piston, cylinder liner, combustion chamber, nitrogen gas, common rail system and diaphragms were prepared and connected. All connections were secured and sealed tightly to avoid leaking during the experiment. The common rail was switched on and the requirement pressures were set up to the fuel injector fixed at the opening of the combustion chamber. It is also important to make sure the controller, injector and Electronic Diesel Control were switched on. When fuel was injected into the combustion chamber with the assistance of fuel injection system, a pressure change took place inside the combustion chamber. The pressure change inside the combustion chamber was sensed by Kistler 601A, the piezoelectric pressure transducer sensor fitted in the combustion chamber head. Then, the signals were amplified with the sensitive charge from sensitive charger type Kistler 5018A before it was transmitted by data acquisition. PicoScope 3000 Series PC Oscilloscopes was used to measure voltages in the range of -20 V to +20 V. The inputs were protected to ±100 V (±30 V for external trigger). PicoScope 3000 Series PC Oscilloscopes were connected directly to the ground of a computer through the interconnecting cable provided to minimise interference. Pico was connected directly while data was transferred to the computer for data analysis.
RESULTS AND DISCUSSION
Effect of Ambient Temperature on Ignition Delay
Blending was used in producing biodiesel fuels for analysing properties other than that diesel fuel are known for. Figure 2 compares the ignition delays between diesel, B5, B10, and B15 under the conditions of different ambient temperatures, Ti and injection pressure, Pinj. The effects of injection pressure ranging from 80 to 140 MPa on the ignition characteristics of fuel spray using direct injection system were investigated. It can be seen from the figure that the ignition delay for B5, B10, and B15 was lower than that of diesel fuel. It was noticed that the reduction in ignition delay of all test fuels increased with the increase in ambient temperature. The shortening in the ignition delay could be attributed to the enhanced mixing achieved at increasing ambient temperature. The reason may be because the increase in ambient temperature will increase the air pressure inside the combustion chamber as well as the density of the compressed air. This reduces the minimum auto-ignition temperature of the fuel because of the close contact of the molecules which thereby reduces the time of reaction when fuel is injected.
Furthermore, as investigated by [33] , one of the factors that could affect ignition delay and subsequent combustion processes is the fuel cetane number. Biodiesel fuels have higher cetane number as presented in Table 2 and this could have facilitated its shorter ignition delay when compared to diesel. According to Knothe G [34] , the higher cetane number for biodiesel than diesel reduced the size of premixed combustion and thus reducing the ignition delay. Another factor that could be responsible for the shortening of the ignition delay could also be the fuel oxygen content [35] . Compared to diesel, biodiesel fuel has a shorter ignition delay because of its high oxygen content. The maximum ignition delay was 1.15 ms for diesel (at Ti = 750K and Pinj = 80 MPa) and lower ignition delay was 0.821 ms for B15 (at Ti = 950K and Pinj = 140 MPa). Generally, biodiesel contains a small percentage of diglycerides and has higher boiling points than diesel. However, the chemical reactions during the injection of biodiesel at a high ambient temperature resulted in the breakdown of the high-molecular-weight esters. These complex chemical reactions led to the formation of low molecular weight gases. Rapid gasification of this lighter oil in the fringe of the spray spread out the jet, and thus volatile combustion compound was ignited earlier resulting in a shorter ignition delay. On the other hand, the chemical properties; oxygenated fuel of biodiesel may promote the reaction to induce shorter ignition delay. If the delay time is too long, the accumulated air-fuel mixture available for the simultaneous explosion is large and thus causing rapid combustion with high pressure and temperature. Therefore, a decrease in the ignition delays was observed to increase in injection pressure in the study. 
Effects of Injection Pressure on Ignition Delay
Experiments were conducted on Rapid Compression Machine (RCM) for the measurement of ignition delays to generate the baseline characteristics. These baseline characteristics of standard diesel fuels were then compared to the blending characteristics of diesel with the biodiesel fuels from palm oil.-In this study, standard diesel fuel used was available in the market. All the blends and samples were prepared after careful filtration and accurately measured blending. Ignition delay is the period between the start of fuel injection into the combustion chamber and the start of combustion during the delay period; both the physical and chemical changes occurred at the same time. The variation of ignition delay period with different injection pressures for different fuels used is plotted in Figure 3 . The graphs are separated for clarity. The observation results from the figure shows that the ignition delay trends for the different fuels were similar and ignition delays measured continuously decreased as the injection pressure increased. It occurred for all types of fuels used. Theoretically, ignition delay consists of two parts and is a sum of physical and chemical delays [7, 36] . With the increase in the ambient temperature of the combustion chamber, the chemical delay of the impinging fuel spray decreased because the pre-flame chemical reactions during chemical delay were fast [37] . Thus, chemical delay decreased with an increase in ambient temperature. The other reason for the decrease in ignition delays with high ambient temperatures might be because the faster mixing rate resulted from faster fuel evaporation due to hot surface inside combustion chamber [38] . The impingement of the spray on the hot surface will affect the fuel evaporation and fuel-air mixing processes. Based on the investigation [39] , the higher injection pressure distributed the larger amount of fuel-air premixing thus predominantly influenced the good spray atomisation and improvement of the combustible mixture. Figure 3 . Effects of injection pressure on ignition delay of variant ambient temperature
Effects of Ambient Temperature and Fuels on Ignition Delay
The variation of ignition delay period with different ambient temperatures, Ti and fuels for injection pressures, Pinj is plotted in Figure 4 . The figure presents the ignition delay of the biodiesel fuels and diesel fuel under the injection pressures of 80, 90, 130, and 140 MPa. The difference in ignition-delay trends in this study was believed to be caused by the difference in fuel properties. Results in the figure show that ignition delays decreased continuously with the increase in ambient temperature from 750K to 950K for all blends of biodiesel in diesel fuel. All of the biodiesel and diesel fuels generally exhibit a similar trend of ignition delay. Ignition delay largely decreased at low Ti but slightly decreased at higher Ti for lower Pinj. The amount of evaporated fuel and chemical reaction rate in the combustion chamber increased as the ambient temperature increased. B5, B10, and B15 fuels exhibited shorter ignition delay at higher Ti compared to the diesel fuel. The reason for a decrease in ignition delays with higher ambient temperature may be due to the fast mixing rate resulting from faster fuel evaporation in higher temperature. The high temperature in the chamber indicated rapid evaporation to the injected fuels and shortenened ignition delay. It was noted that fuel with high density and viscosity gave the longer ignition with slow evaporation. As the ambient temperature was higher, the surface of combustion chamber became hot. The impingement of fuel spray on hot surface affected the fuel evaporation and mixing processes. Similar effects were reported [40] that with an increase in wall temperatures, ignition delays decreased. Hence, the shortest ignition delays were obtained at higher ambient temperature while the longest ignition delays were obtained at a lower ambient temperature in the present study. This is an interesting aspect of auto-ignition diesel combustion according to the requirement of combustion in a diesel engine. Figure 4 . Effects of ambient temperature on ignition delay variant fuels
CONCLUSIONS
In this study, correlations were developed for predicting the ignition delay of tested fuels in a rapid compression machine. The ignition delay process of diesel and biodiesel fuels were fundamentally studied in this research under direct injection compression-ignition engine conditions. The ignition delay time between the time of injection and ignition depends on both physical processes for mixture formation and chemical processes leading to thermal decomposition and ignition. The temperature and pressure of the ambient air which related closely to these two processes were accordingly two of the major factors governing ignition delay. Fuel injection pressure and ambient temperature were also considered as important factors for determining ignition delay by way of the mixture formation. The physical properties of fuels such as viscosity, density, temperature, and pressure have various effects on ignition delay. The fuel cetane number representing the ignitability of fuels also has significant effects on ignition delay. The purpose of the present work was to experimentally study the effects of ambient temperature and injection pressure on ignition delay of standard diesel and palm oil biodiesel blended with diesel fuel (B5, B10, and B15) in the direct rapid compression machine. This research has proven the good overall behaviour of biodiesel in terms of ignition delay. The findings of this study can be summarised as follows: i) Ignition delay of diesel fuel and palm oil biodiesel blended with diesel was very sensitive to the variation of ambient temperature and injection pressure. A short ignition delay could be obtained by increasing Ti and Pinj. ii) Palm oil biodiesel had the shortest ignition delay which can be prolonged with the increasing biodiesel content in the blends. Biodiesel fuels also had a shorter ignition delay as a result of higher cetane number and oxygen content. iii) Ignition delay decreased with the increase in ambient temperature and injection pressure for all tested fuels. Ambient temperature played an important role in determining the combustion process although higher temperature promoted the formation and oxidation. iv) The evaporation and mixing process of every tested fuel was affected by the physical properties of fuel such as density, viscosity, and distillation temperature. The slow evaporation and mixing processes were predicted by the high viscosity and high-density of biodiesel fuels.
